EREBRAL convolutions provide important landmarks to guide surgery in all regions of the brain surface. In the central area, functional imaging and attention to gyral anatomy have been used to identify constant anatomical relationships that localize cortical function. 3, 23, 31 The increasing knowledge of cortical functional topography has improved the approach to surgery in or near the central area. Nowadays, hand motor function is routinely localized on two-dimensional or 3D MR images by referring to cortical surface landmarks, and the information is transferred to patient care by using image guidance. For surgery performed in the central area, specific gyral patterns guide cortical stimulation and resection. Outside the central area, reliable functional landmarks often make stimulation and awake craniotomy unnecessary.
by using a previously described automated algorithm that generated a nine-parameter linear-transformation matrix for each image. 5 This transformation maximized the crosscorrelation between the MR image obtained in the particular patient and a target image consisting of the average of over 300 MR images of healthy brain, which had already been registered into stereotactic coordinates. 5, 25 The PET scans were mapped into the same common standard space as the MR images by using an algorithm based on a crosscorrelation measure. 7 The PET images were then normalized for global CBF and a state-dependent change (⌬CBF) image volume was obtained. The ⌬CBF volume was converted to a t-statistic volume by dividing each voxel by the SD in ⌬CBF pooled across all intracerebral voxels. 6 The significance of the t-statistic peaks was determined using a method based on random field theory. 30 An activation peak for a task was considered significant at a t-statistic greater than 3.2. 2 To visualize landmarks on the surface of the brain, a 3D reconstruction of the MR image, which was now in a stereotactic space common to the PET scans, was created by applying a contouring algorithm that generated a polygonal mesh covering the cortical surface. 16 The PET activation and the 3D MR imaging model were coregistered to identify cortical surface and functional relationships.
Stereotactic coordinates (x, y, and z) were taken from the peak of activation with each PET image in native space. The x, y, and z stereotactic indicators define 3D space in the mediolateral, anteroposterior, and superoinferior planes, respectively. The axial images were aligned parallel to the AC-PC line and the PC was assigned the coordinate 0, 0, 0 (x, y, and z, respectively). Coordinates located anterior, superior, and to the right of the PC were positive numbers. Whole numbers represent millimeter increments.
Cortical Stimulation
Cortical stimulation was performed in awake patients by using a unipolar electrode. The parameters of stimulation were 1-msec square wave pulses at 60 Hz. Stimulation commenced at 0.5 V and increased by increments of 0.5 V until a response was obtained. Positive responses were marked with numbers and documented. Blank tags denote an absence of response to stimulation. Letters mark areas of electroencephalographic spike activity.
Measurements From the Sylvian Fissure
Two different types of measurement were made from the sylvian fissure to the peak of sensory activation for tongue and lower face tasks. The euclidean distance between the two stereotactic points was calculated using the following formula:
. A measurement directly superior from the sylvian fissure (the z direction only) was also obtained for each activation response.
Postcentral Anatomy
The postcentral gyrus of each patient was traced directly from a printed image of the coregistered 3D MR imaging reconstruction and PET activation study. The peak of the PET sensory activation was recorded on each traced image.
Statistical Analysis
Variance homogenicity was compared among the x, y, and z coordinates of the lower face and tongue sensory activation by using the Bartlett test for homoscedasticity. 32 The two different types of measurement used to calculate a distance between the sylvian fissure and the center of activation were compared using a two-tailed test for the difference between two coefficients of a variation of the Z test.
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Results
Twenty-one patients underwent a somatosensory PET activation study of the lower face. In 15 of these patients, significant activation was measured in or near the central area (t Ͼ 3.2); however, in two patients there was only activation in the parietal operculum (SII), and in another two patients a 3D cortical model could not be constructed. The remaining 11 patients comprised the study group. Bilateral studies were performed in five patients, making 16 activation studies available for analysis. The ages of the patients ranged from 17 to 46 years. All patients displayed signs of epilepsy (either associated with a lesion or not) and the PET scan was obtained as part of a presurgical evaluation. Five activation studies were performed on the side ipsilateral to known pathological areas, which included a midtemporal ganglioglioma, posterior temporal oligodendroglioma, parietal dysembryoplastic neuroepithelial tumor, parietal dysplasia, and central nonlesional epilepsy (shown as dysplasia by a postresection histological study). The other 11 activation studies were performed in a hemisphere without any identifiable abnormal pathological area.
Six patients underwent a tongue somatosensory PET activation and three patients displayed bilateral activation; thus, nine studies were available for this analysis. All tongue activation peaks were highly significant (t Ͼ 4.7). 2 One study was performed on the side of a visible lesion that was a midtemporal ganglioglioma.
Cortical Relationships
All lower face sensory activations in the study group displayed a significant peak (t Ͼ 3.2) at a characteristic narrowed region in the postcentral gyrus immediately above the tongue area ( Fig. 1) . Additionally, tongue sensory PET activation confirmed the basic anatomical relationships found with cortical stimulation, that is, localization of tongue sensory function to a characteristic triangular region with its base positioned superjacent to the sylvian fissure 23 ( Fig. 2) . The anterior tongue sensory task activated the upper portion of the tongue area in the postcentral gyrus.
The results of intraoperative cortical stimulation that yielded tongue and lower face sensory responses again confirmed the basic relationships between gyral topography and tongue and lower face functions in the postcentral gyrus, as seen with PET activation. Face sensory responses were located in the postcentral gyrus at the characteristic narrowed portion that is located immediately above the wider triangular tongue sensory area (Figs. 3 and 4).
Stereotactic Coordinates
The mean (Ϯ SD) tongue sensory activation peak was located at an x of 53 Ϯ 6, a y of 13 Ϯ 4, and a z of 30 Ϯ 5.
The values fell within a range of 17, 9, and 15 mm, respectively, for the x, y, and z coordinates. There was a similar variance in the x, y, and z coordinates in all these patients (p = 0.71).
The mean (Ϯ SD) peak face sensory activation was located at an x of 47 Ϯ 5, a y of 20 Ϯ 5, and a z of 35 Ϯ 6. Face sensory coordinates had a range of 16, 15, and 23 mm for the x, y, and z coordinates, respectively. The variance of x, y, and z coordinates were similar in these patients (p = 0.38).
Measurements From the Sylvian Fissure
The euclidean distance from the sylvian fissure to the center of the lower face activation was found to have a mean value (Ϯ SD) of 27.2 Ϯ 4.7 mm, and a range of 15.3 mm. The mean (Ϯ SD) distance between the sylvian fissure and lower face activation in the z direction only was 22.2 Ϯ 3.3 mm, and the range was 9.9 mm. Coefficients of variation for these two measurements were similar (p = 0.62).
The euclidean distance from the sylvian fissure to the center of tongue activation was found to have a mean value (Ϯ SD) of 22.8 Ϯ 8.1 mm and a range of 26.4 mm. In the z direction only, the mean measurement (Ϯ SD) was found to be 15.8 Ϯ 8.1 mm and the range 21.3 mm. These two measurements had a similar coefficient of variation (p = 0.67).
Discussion
It has become accepted that certain cortical functions in the central area can be localized by unique gyral and sulcal anatomical patterns. The presence of a knob or pli de passage in the middle bend of the precentral gyrus is highly correlated with hand motor function. 3, 31 Additionally, the tongue sensory region is identified with cortical stimulation in a unique gyral structure at the base of the postcentral gyrus. 23 Cortical landmarks that identify function result from consistent sulcal and gyral folding that occur during development and are not merely coincidental occurrences. Van Essen 28, 29 proposed axon tension to be the guiding mechanical factor. Additional evidence for predictable functional and anatomical relationships is a strikingly constant association of the central sulcus with the midcallosal plane. Lehman and colleagues 15 demonstrated the reliability of a midcallosal line to intersect the inferior central sulcus. Talairach, et al., 26 recognized that most of the central sulcus lies between two vertical planes extending from the AC and PC. The most superior aspect of the central sulcus arises just behind the PC and the inferior sulcal limit just in front of the AC. The y coordinate (which determines the anteroposterior location) had the smallest range of values, in the present study, for face and tongue sensory activations consistent with the fixed position of the inferior central sulcus in relation to midline commissural fiber bundles.
Congruent with predictable and anatomically localizable function, converging lines of evidence point to discreetly positioned motor and sensory functions in the central area that respect sulcal boundaries and are confined to specific architectonic fields. Microelectrode recording and stimulation in monkeys has revealed specific neuronal pools in the precentral gyrus that subserve individual muscle groups 10, 18 and highly specific postcentral responses to sensory stimuli. 13, 19, 22, 24 Asanuma and Rosén 1 identified zones of radially arranged cortical efferent neurons in the precentral gyrus by using microelectrode stimulation. An efferent zone was discreet, but may overlap an adjacent zone, and its output was restricted to a specific extremity movement. Other studies have also demonstrated multiple and discrete zones in the precentral gyrus, each representing a particular muscle action. 10, 18, 20 Different modalities of sensation are highly correlated to a specific cytoarchitectonic field in the postcentral gyrus, resulting in redundant somatotopical representations. 14, 19, 24 Mountcastle and Powell 22, 24 found that Area 2 was activated by the movement of joints, and Area 3 was most sensitive to cutaneous stimuli (Area 1 responded equally to both sensory modalities). Additional evidence obtained from microelectrode recordings suggests that Area 3a processes information from muscle afferents and other deep receptors. 19 Mountcastle 21 first reported vertically oriented columns of sensory function in the postcentral gyrus, based on microelectrode recording in the cat. The functional zones are now recognized to represent a bundle of thalamocortical fibers, corticocortical fibers, and associated neurons subserving a specific function, and they show little overlap with adjacent zones. 13 Excitatory functional columns are separated by inhibitory receptive fields; this arrangement may represent an active process to discriminate between neighboring skin surfaces subserved by different neuronal columns. 8, 9, 11, 24, 27 Therefore, discrete cortical columns, well known in the visual cortex, are found in the postcentral gyrus, each forming an array of zones devoted to a sensory function and anatomical body location. 8, 9, 27 The orderly arrangement of central area neurons, with their fiber connections serving specific functions, and the fixed association between the central sulcus and the callosal white matter bundle suggest a strong relationship between function and gyral topography.
In this study, a lower face sensory task revealed activation within a characteristic narrowed portion of the postcentral gyrus located immediately above the triangular sensory tongue area (Figs. 1, 5, and 6) . The results of the PET tongue activation studies described in this paper confirm the distinctive postcentral location of tongue sensory function that has been demonstrated by Picard and Olivier, 23 who used cortical stimulation (Figs. 2, 5, and 7) . Microelectrode recording of the postcentral gyrus in monkeys verifies that the areas of tongue and lip function are adjacent and that there is a sharp transition between their respective receptive fields. 17 Additionally, thumb perceptions are represented at a location superior to that of face sensory function, with a clear boundary separating them. 12 The postcentral gyrus is generally thinner than the precentral gyrus, with the exception of the tongue sensory area, which is located just above the sylvian fissure. The tongue area can be quite wide at its base, but narrows superiorly to become the thinnest section of the postcentral gyrus, which is the topographic landmark used to identify the substratum of lower face sensation (Fig. 5) .
Substantial variation exists in the gyral pattern of the postcentral gyrus, as demonstrated in gyral tracings of our patients (Figs. 6 and 7) . Although the variability is striking, there are consistent anatomical features and constant relationships between anatomy and function: notably, the wide base of the postcentral gyrus located above the sylvian fissure and the characteristic narrowing of the gyrus to the lower face sensory area.
A somatotopical representation of tongue sensory function has been demonstrated by cortical stimulation. 23 Posterior tongue sensory function is localized to the wide inferior base of the postcentral gyrus and tip-of-the-tongue sensory function has been shown to be located more superiorly. Our anterior tongue vibratory task may not be used to reproduce the somatotopy obtained with the aid of cortical stimulation. The activation task involves a large area of the tongue and fine details of somatotopy typically require more repetitions of the activation task to improve the signal-to-noise ratio. 4 The vibratory task used to determine the lower face area predominantly induces sensory perceptions from extraoral cheek and lips; however, intraoral structures such as the buccal mucosa, jaw, and teeth may also be stimulated by the task. The resulting PET activation corresponds to the cortical region of the peak change in CBF resulting from the dominant sensory perception, which we assume to be extraoral lower face sensation because it receives the most vigorous sensory stimulation.
Two examples of cortical stimulation results demonstrate the typical localization of tongue and low face sensory function at surgery (Figs. 3 and 4) . At our institution, the anatomical landmarks that we have described routinely guide initial stimulation attempts to elicit central area responses. The landmarks are visible at surgery, but are even more apparent when 3D cortical reconstruction is used ( Figs. 1 and 2) .
Human cortical stimulation occasionally yields unexpected results due to electrical spread or other factors. The stimulation data presented in this paper (Fig. 3) demonstrate a thumb sensory impression (No. 10 in Fig. 3 ) between sensations elicited in the corner of the mouth (No. 11 in Fig. 3 ) and the upper lip (No. 5 in Fig. 3 ). This relationship is not completely expected from the somatotopical relationship we have outlined, namely (inferosuperior) tongue, face, and thumb; however, an anteroposterior as well as a ventrodorsal somatotopy is commonly demonstrated in monkeys. 12, 17 The cortex subserving a more dorsally located function may, in fact, assume a location anterosuperior or posterosuperior to the adjacent inferiorly located function, which may explain an apparent encroachment of thumb sensory function into the face area.
The fixed position of the central sulcus in relation to midline structures makes stereotactic methods, in which a callosal grid or the AC-PC line is used, valuable adjuncts for identification of the inferior central area. As expected, the y axis (extending in the anteroposterior direction) had the narrowest range of values. After the central area has been identified, however, the z axis (extending in the superoinferior direction) is crucial for localizing function in the postcentral gyrus. In our patients, the z axis demonstrated a range of values equivalent to 21.3 mm for tongue activation and 9.9 mm for face activation. These ranges of values represent 22 and 10%, respectively, of the distance spanned by the postcentral gyrus in the z direction. Therefore, the use of a mean z coordinate could contribute considerable error to function localization in an individual patient.
Measurements of euclidean distance and the distance traversed in the z direction from the sylvian fissure to the center of the tongue or low face activation may be useful to approximate the localization of function. The ranges of values (26.4 and 21.3 mm for tongue activation, and 15.3 and 9.9 mm for low face activation), however, makes this technique unreliable to pinpoint function in the lower postcentral gyrus. Measurements from the sylvian fissure do have a role in surgery in the central area. At our institution, and consistent with the results presented in this paper, we have found that the site 3 cm superior to the sylvian fissure is the limit of a safe lower central resection (that is, a procedure that does not encroach on the thumb and hand area).
The anatomy of the central region is best identified if stripped of the arachnoid and traversing vessels. This is accomplished using the 3D reconstruction of the cortical surface, which is now commonly available as part of image guidance software. With attention to detail, however, the convolutional pattern can be localized in vivo at surgery and the gyral landmarks subserving the tongue and lower face sensory areas can be recognized (Figs. 3 and 4) . The identification of functional cortex by topographic landmarks has important implications for the neurosurgeon. When surgery is performed in the central area, sulcal and gyral landmarks are used to guide cortical stimulation and resection. For surgery near the central area, stimulation often is not necessary if anatomical features can reliably be used to localize function.
Conclusions
The tongue sensory area is easily recognized as a triangular gyral configuration in the most inferior aspect of the postcentral gyrus. Anterior tongue sensory function is localizable to the superior aspect of the triangle. Lower face sensation is subserved by the narrow portion of the postcentral gyrus, which is situated immediately above the tongue area. The apex of the tongue sensory area narrows immediately to a thin segment of postcentral gyrus, which is the substratum of low face sensation. Stereotactic coordinates have some utility in the recognition of the inferior central area, especially in the y (anteroposterior) direction, underscoring the fixed position of the inferior central sulcus in relation to the midline commissural bundles. Nevertheless, the convolutional pattern is a more reliable guide for the identification of regions subserving specific central area function.
